Abstract-This paper presents for the first time an RF nonlinearity analysis of complex multidevice radio frequency microelectromechanical system (RF MEMS) circuits. The IIP3 of different RF MEMS multidevice tunable-circuit concepts including digital MEMS varactor banks, MEMS switched capacitor banks, distributed MEMS phase shifters, and MEMS tunable filters, is investigated. Closed-form analytical formulas for the IIP3 of MEMS multidevice circuit concepts are derived. A nonlinearity analysis, based on measured device parameters, is presented for exemplary circuits of the different concepts using a multidevice nonlinear electromechanical circuit model implemented in Agilent Advanced Design System. The results of the nonlinear electromechanical model are also compared with the calculated IIP3 using derived equations for the digital MEMS varactor bank and MEMS switched capacitor bank. The degradation of the overall circuit linearity with increasing number of device stages is also investigated, with the conclusion that the overall circuit IIP3 is reduced by half when doubling the number of stages, if proper design precautions are not taken. Design rules are presented so that the mechanical parameters and thus the IIP3 of the individual device stages can be optimized to achieve a higher overall IIP3 for the whole circuit. In addition, the nonlinearity of a novel MEMS tunable capacitor concept introduced by the authors, based on an MEMS actuator with discrete tuning steps, is discussed and the IIP3 is calculated using derived analytical formulas.
I. INTRODUCTION
R ADIO frequency microelectromechanical system (RF MEMS) tunable and switched capacitors have demonstrated over the years impressive performance in terms of low insertion loss, low power consumption and bandwidth [1] , achieving high reliability [2] , and a large tuning range [3] . Although packaging and response time are still major challenges to be addressed, these tunable capacitors find applications as tuning elements in phase shifters [4] , voltage controlled oscillators, tunable filters [5] , and impedance matching networks [6] . These circuits are often operated at moderate to high power levels making linearity an important parameter to avoid signal distortion. A theoretical and experimental study of the nonlinear effects in RF MEMS varactors and capacitive switches for a single device have been carried out in [7] , including analytical derivations and an electromechanical model for verification. Implementations on nonlinearity of the membrane movement of an electrostatically actuated capacitive MEMS switch was also analyzed in [8] , using a dynamic and parametric model. A mathematical analysis of the nonlinear behavior of a single MEMS tunable capacitor based on Volterra series has been shown in [9] . An analytical model for computing the intermodulation distortion (IMD) in a single RF MEMS capacitor made up of two parallel plates has been proposed in [10] . RF circuits operating at high RF power levels create electrostatic forces on the MEMS-tuning mechanisms, which are mechanically compliant and thus introduce IMD. Although these distortions are small for a single device, especially when compared with the semiconductor nonlinearities, they grow significantly for complex, multidevice RF MEMS circuits.
The IIP3 of a single RF MEMS shunt capacitor loading on a transmission line is provided in [7] 
where k is the spring constant, g is the gap, C is the capacitance between the electrodes, φ is the phase, ω is the angular frequency in radians, and Z 0 is the characteristic impedance. This equation applies to both digital and analog capacitors in any tuning state. All these previous RF MEMS theoretical nonlinearity analysis have been performed for single devices only. However, state-of-the-art RF MEMS circuits are composed of an increasing number of MEMS-tunable/switched stages and the overall radio receiver, for instance, has to comply to an overall IIP3 limit set by standardization [11] , [12] . WiSpry's first generation mobile phone antenna tuner, for instance, has an 80-element MEMS-switched capacitor bank [13] . The nonlinearity effect for a cascade arrangement of circuits is cumulative [14] , [15] and the overall IP3 is limited by the lowest value and the nonlinearity of later stages becomes more pronounced because of being scaled down by the gain of the previous stages. This makes it important to analyze the overall nonlinearity of the entire RF MEMS circuits whose IIP3 can differ significantly when compared with a single-stage device. The trend of increase in nonlinear effects in multidevice systems can also be observed in other engineering disciplines [16] .
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II. LINEARITY ANALYSIS OF DIGITAL MEMS VARACTOR BANK
Practical RF MEMS circuits, for instance, a digital MEMS varactor bank, contain a large number of capacitors. The parameters of the individual MEMS-tunable circuit elements are depending on their operation state, i.e., for an overall analysis of the circuit, the IIP3 of all possible states of a circuit should be analyzed, to get the worst case nonlinearity of the circuit, which is done for the circuit examples in this paper. Fig. 1 shows a circuit model with N parallel capacitor stages, which models either a circuit with N different capacitors or a circuit with N equal capacitors in different operating states [21] . Similar to the derivation of a single capacitor in [7] , the electrostatic force F i on the moving electrode of each capacitor C i , the total capacitance and the phase can be written as
N being number of capacitors. The capacitance for a small displacement is and the phase is
When two signals are incident on the capacitor, the output is
The displacement for each stage can be written as
The terms 2ω 1 , 2ω 2 and ω 1 + ω 2 are neglected. Inserting this equation in the above output equation and assuming V = V 1 = V 2 , the third-order intermodulation products can be written as
The two-tone third-order intermodulation intercept point is the value of P signal for which
Thus, adding an identical second capacitor in parallel to a single-capacitor circuit reduces the overall IIP3 by a factor of two. From (8) , it can be generalized that having N number of identical parallel capacitors reduces the IIP3 of the circuit compared with the single capacitor by a factor of N. This is shown in Fig. 2 , which analyzes the overall circuit linearity deterioration with increasing number of tunablecapacitor devices, for all circuit states. For this analysis, for each capacitor, the gap is changed from 1.5 to 0.5 μm, spring constant from 12 to 55 N/m and the capacitance from 45 to 145 fF in the up and down states, respectively, calculated at the center frequency of 2.5 GHz. A similar analysis can also be performed for series capacitors. Here, the IIP3 also becomes worse as more capacitors are actuated, as shown in Fig. 2 . This is because that the IIP3 is directly proportional to the square of the gap, which is reduced in the actuated state and inversely proportional to the square of the capacitance, which is increased when actuated. This has to be compensated by the spring constant, which is directly proportional to the IIP3, in the down state so as not to reduce the IIP3 substantially in the down state. With adding stages, the linearity will remain unchanged if the total capacitance is the same and the spring constant and the gaps are equal for all stages.
It is also noted that if instead of using a digital MEMS varactor bank, a single capacitance is tuned in steps as to achieve the same capacitance of various states of a five stage device shown in Fig. 2 , the IIP3 is similar for each state only if the cumulative spring constant and the gap are the same for each state. Designing such a device, as compared with designing a digital MEMS varactor bank, would be difficult since precise control over the spring constant and gap are required in each state.
A 3-bit digital MEMS varactor bank is shown in Fig. 3 . The varactors have two discrete positions each with a capacitance ratio of ∼3. The total capacitance of the circuit can be tuned from 146 to 430 fF in eight discrete states. Table I shows the device parameters used for the calculation of the IIP3 for each state. The capacitance values are based on real MEMS device data provided in [17] and the spring constants in the table are derived from the geometries of the membranes using a COMSOL Multiphysics simulation model. Equation (8) is used to calculate the IIP3 of the varactor bank in each of its eight operation states. Fig. 4 shows the calculated IIP3 for the various states of the bank compared with the simulated IIP3 using a nonlinear electromechanical model, similar to [7] , implemented in Agilent ADS for each varactor. The simulation data agrees within ±1.7 dBm with the calculated values, confirming the analytical model. The discrepancy between the simulation and calculation is due to the fact that the IIP3 cannot be accurately calculated using the derived equations for large capacitance values. This is because the small capacitance approximation ωC Z 0 1 used to derive the IIP3 equations is no longer valid for large capacitance values.
III. LINEARITY ANALYSIS OF MEMS
SWITCHED CAPACITOR BANK MEMS switched capacitor banks are extensively used in tunable filters [22] , [23] using capacitive MEMS switches, which are connected in series with high-Q metal-air-metal (MAM) or metal-insulator-metal fixed capacitors. By choosing appropriate capacitor values of the fixed capacitors, the total capacitor variation can be controlled accurately and a very high capacitance ratio can be achieved.
The MEMS switched capacitor bank can be analyzed using the model in Fig. 5 shown for two stages. The displacement is related to the square of the voltage on the moving MEMS device obtained using voltage division between the capacitive switch and the fixed capacitor
The displacement can be written as
where the terms 2ω 1 , 2ω 2 and ω 1 +ω 2 are neglected. Inserting (10) in (5), the intermodulation level is then given by
and the calculation of the IIP3 based on the above equation results in
All analytical equations for the overall IIP3 of complex circuits are valid if there is the same voltage across the components in the circuit. If not, the IIP3 of each subcircuit should be evaluated separately. From the above equations, it can be concluded that if the value of the fixed capacitor C F is large as compared with the capacitive switch C S then most of the voltage drop is across the capacitive switch, and thus the overall linearity is dominated by the linearity of the MEMS capacitive switch. Similarly, for operating states where the fixed capacitor has a small value as compared with the capacitive switch there is less voltage drop across the capacitive switch and thus the influence of the nonlinearity of the MEMS switch on the overall nonlinearity is reduced. The tuning range of the MEMS switched capacitor bank is also limited by the relation C F,LSB C S,up and C F,MSB C S,down , where C F,LSB is the fixed capacitor of the least significant bit and C F,MSB is the fixed capacitor of the most significant bit. Thus, there exists a compromise between high tuning range and high IIP3 for the MEMS switched capacitor banks as high tuning range can be achieved with C F C S,up but at the same time this will result in high voltage drop across the capacitive switch resulting in lower IIP3 as the overall linearity is dominated by the linearity of the MEMS capacitive switch. Fig. 6 shows an example using a 3-bit MEMS switched capacitor bank. The values of the fixed capacitors are binary coded, i.e., doubled from the smallest to the next higher stage. The device parameters used for the analysis are shown in Table II . The up state capacitance of the MEMS switch is calculated using a 200 × 100 μm membrane with a gap of 2 μm while the down state capacitance is calculated with a gap of 0.2 μm. The up state spring constant is calculated by performing simulations in COMSOL Multiphysics for a membrane thickness of 0.8 μm. The down state spring constant is modeled by clamping the membrane at several positions, thus simulating the effect of down state contact points or spacer bumps, to extract the value of the spring constant. Equation (12) is used to calculate the IIP3 of the switched capacitor bank in each of the eight operation states. Fig. 7 shows the calculated IIP3 for various states of the bank compared with the simulated IIP3 using the nonlinear electromechanical model of the circuit in Agilent ADS. The simulation of IIP3 agrees within ±2 dBm with the calculated data, confirming the analytical model.
IV. LINEARITY ANALYSIS OF DISTRIBUTED MEMS PHASE SHIFTER
Distributed MEMS transmission line (DMTL) phase shifters consist of a high impedance line periodically loaded by MEMS bridges. The 2-bit phase shifter example [24] uses MEMS switches in series with fixed MAM capacitors. The first and the second sections with seven and 14 switch stages, respectively, achieve phase shifts of 0°, 90°, 180°, and 270°in the four states. The device parameters used for the IIP3 analysis are taken from [24] . The down state spring constant is taken from Table II and is modeled by clamping the membrane at several contact points in COMSOL Multiphysics. The IIP3 of the phase shifter is simulated using a harmonic balance simulation of nonlinear electromechanical model for the MEMS switch in Agilent ADS [7] . The results are summarized in Fig. 8 showing the IIP3 of the phase shifter in the four states, the IIP3 of a single switch stage in the up and down state, and the IIP3 of 21 parallel switch stages all either in up or all in down state. It can be deduced from the results that the IIP3 of complex RF MEMS circuits, in this case a DMTL phase shifter, is very different when compared with a singleswitch stage and even very different when compared with the same number of switch stages in simple parallel combination. Here, the IIP3 of the DMTL phase shifter is much lower than that of a single switch stage and the parallel combination of the same number of switch stages. This emphasizes the need to perform the IIP3 analysis of complex RF MEMS circuits. The nonlinear electromechanical ADS model of a MEMS switch or a MEMS tunable capacitor can be used to simulate the IIP3 of any complex circuit comprising of any components, including through lines, shunt lines, any passives and any number of switches, and tunable capacitors with the simulation considering the different voltages on the different circuit elements. Such a simulation provides guidance as to what overall IIP3 to expect from any complex RF MEMS circuit in different actuation states.
V. LINEARITY ANALYSIS OF MEMS TUNABLE FILTER
The example of a three-pole filter from [19] can be tuned from 12.2 to 17.8 GHz with each resonator periodically loaded by four switched MEMS capacitor pairs. Every switch is a series combination of a MEMS switch and a fixed MAM capacitor. The loaded MEMS resonators are coupled through inductive inverters to form a three pole bandpass filter. The measured IIP3 is compared with the simulated IIP3 at the frequency of 17.8 GHz with the tone separation of 40 and 200 kHz using a harmonic balance simulation of nonlinear electromechanical model for the MEMS switch in Agilent ADS [7] with all the switches in the up state. Fig. 9 shows that the simulations agree very well with the measurements. These results confirm the accuracy of the nonlinear electromechanical model implemented in Agilent ADS to precisely predict the IIP3 of the entire RF MEMS circuit. Similar analysis can be performed for any type of multidevice RF MEMS circuits to calculate their IIP3 in all possible actuation states helping to improve the designs in terms of linearity. Fig. 10 shows an unconventional MEMS capacitor developed by the authors, based on a 3-D micromachined transmission line with movable ground sidewall sections [21] . The ground-layer embedded laterally stacked actuators split the total movement into multiple, well-defined discrete steps through sequential operation (gap = 6.0, 4.67, 3.34, 2 μm, and effective spring constant = 211, 94, 73, 5128 N/m, respectively). With asymmetrical actuation, a number of 2n−1 states can be achieved with n being the number of single-side actuation stages. The nonlinearity of all states of this device has been analyzed using the equations derived in this paper at 2.5 GHz and is shown in Fig. 10 , derived from the measured capacitances, measured sidewall displacements and simulated spring constants of the seven states of the device. Equation (1) was used for symmetrical and (8) for asymmetrical actuation, respectively.
VI. MULTISTEP MEMS CAPACITOR

VII. PROPOSED DESIGN RULES
The overall circuit linearity is depending on the number of stages of a MEMS-tuning circuit and proper design precautions have to be taken to limit the linearity degradation with increasing circuit complexity, to provide design rules for optimizing the linearity in multidevice RF MEMS circuits. The example of a five stage digital MEMS varactor bank is analyzed. The design variations are implemented so that the total capacitance is unchanged, and the capacitances and springs as described below. For simplicity, only the operation state of all capacitances in the up state is analyzed.
The capacitance, spring, and actuation parameters of different exemplary implementations of a digital MEMS varactor bank are shown in Table III . The initial gap is 1 μm. The IIP3 of the individual stages of the implementations of the digital MEMS varactor banks are calculated for the up state using (8) and are shown in Fig. 11 , along with the overall capacitance. For Case I, the total capacitance is divided equally among all the stages by having the same value of up state capacitance for each stage. The spring constant is also equal for all the stages, which results in an IIP3 of 50.15 dBm and an actuation voltage of 7.73 V for each stage as shown in Fig. 11 . The overall IIP3 for this case is 43.16 dBm. For Case II, the capacitor stages are binary coded and the spring constant is the same for each stage and equal to Case I. Here, the IIP3 of all the stages are different and the total IIP3 is 40.67 dBm, which is lower as compared with Case I. Here, the actuation voltage for the lowest capacitance is 2.5 times higher than for Case I. For Case III, the capacitances are also binary coded but the spring constants are adjusted such that the IIP3 of each stage is the same and equal to the value of 50.15 dBm, to compare the circuit with the constant-capacitance design of Case I. This is accomplished using the relationship between k and C of (8) where I I P3 ∝ k/C 2 , and thus adjusting the spring constant accordingly. This strategy results in the total IIP3 for Case III being equal to Case I, despite the binary coding of the capacitances, which allows for better tuning resolution. For this case, the highest actuation voltage is higher than for Case I but lower than the highest value for Case II showing how to maintain a low actuation voltage while having a high IIP3 for the binary coded case. The actuation voltage variation range is also lower than for Case II. For Case IV, mimicking a design where the spring suspension width is equal to the capacitor-width, the spring constant is divided in the same ratio as the total capacitance is divided among the stages, which results in different IIP3 for each stage but the same overall-circuit IIP3 as for Cases I and III. Here, the actuation voltages are also the same as for Case I. For Case V, the capacitances are again binary coded and the spring constants are taken from Case III but used in the reverse direction. This results in an actuation voltage of 49.66 V in the worst case, i.e., a feasible design. The actuation voltage variation range is also the highest for this case. It can be seen here that the total IIP3 is 25.78 dBm, which is significantly worse as compared with the previous cases, which emphasizes the importance of proper circuit design.
Using these design rules, the three-pole filter in [19] can be redesigned to achieve a higher IIP3. For optimizing the linearity of the filter, the linearity of the MEMS subcircuits, i.e., the MEMS switched capacitor bank, which is used for tuning the filter, needs to be optimized. For the implemented design [19] , the IIP3 of the MEMS switched capacitor bank is 57.73 dBm and the IIP3 of the filter is 28.58 dBm. For optimizing the IIP3, the switched and fixed capacitance values were not changed and only the spring constant was changed to increase the overall IIP3, to preserve the present filter response. The spring constant is increased as to have the maximum actuation voltage of around 46 V and following the design rules above, the IIP3 of each stage is kept uniformly at 67.75 dBm, which results in the IIP3 of the bank to be improved from 57.73 to 64.21 dBm. This increases the overall IIP3 of the filter from 28.58 to 34.8 dBm. Adding more flexibility to the design by choosing the capacitance and the switch gap, the overall IIP3 could even be increased further. This example emphasizes the importance of proper IIP3 circuit design.
VIII. CONCLUSION
This paper has investigated the nonlinearity of multidevice RF MEMS circuits. Design recommendations for high linearity of the overall circuit were developed based on analytical formulas derived in this paper. MEMS tunable subcircuits (MEMS varactor banks, MEMS switched capacitor banks, and multistate MEMS capacitor) and circuits based on these elements (phase shifter and tunable filter) have been analyzed. The analytical model, where applicable, agrees well to nonlinear ADS models.
